Additional index words. individual genotype, Lolium perenne, whole-plant response Abstract. Perennial ryegrass (Lolium perenne L.) is a popular cool-season forage and turfgrass in temperate regions. Due to its self-incompatible and out-crossing nature, perennial ryegrass may show a high degree of heterozygosity. Perennial ryegrass generally is susceptible to drought stress, but variations of drought response of individual genotypes within a particular accession or cultivar are not well understood. The objective of this study was to characterize phenotypic diversity of drought tolerance within and among accessions in relation to genetic diversity in perennial ryegrass. Five individual genotypes from each of six accessions varying in origin and growth habits were subjected to drought stress in a greenhouse. Leaf wilting, plant height, chlorophyll fluorescence (Fv/Fm) and leaf water content (LWC) differed significantly among accessions as well as among genotypes within each accession under well-watered control and drought stress conditions. Fv/Fm was highly correlated with LWC under drought stress. Genetic diversity among and within accessions were identified by using previously characterized 23 simple sequence repeat markers. Across accessions, the mean major allele frequency, gene diversity, and heterozygosity values were 0.66, 0.43, and 0.66, respectively. Accessions with closer genetic distance generally had similar drought responses, while accessions with greater genetic distance showed distinct drought tolerance. Significant differences in drought tolerance among and within accessions, especially for individual genotypes within one accession, indicated that variations of drought response could be used for enhancing breeding programs and studying molecular mechanisms of stress tolerance in perennial ryegrass.
Water deficit has become more of a problem for production of turf and forage grasses due to regional and localized drought and increasing demands for fresh water uses in other areas. The frequency and intensity of drought stress may also increase as a result of climate change, which could further impact growth and persistence of perennial grasses. In addition, cool-season perennial grass species normally require a large amount of water to maintain growth, and it can be challenging when water availability is limited and extensive irrigation is not practical. Therefore, improvement of drought tolerance of turf and forage grasses is becoming increasingly important to minimize effects of drought on the plants and to enhance water conservation.
Phenotypic evaluation of drought response is crucial for selecting drought-tolerant materials for breeding programs. At whole plant and cellular levels, fundamental responses of the perennial grass plants to drought stress have been extensively studied (DaCosta and Huang, 2006; Jiang et al., 2009; Merewitz et al., 2010; Yu et al., 2013; Zhou et al., 2013) . Some drought responses used for assessing plant stress tolerance include, but are not limited to, reduced growth, photosynthesis, LWC, Fv/Fm, increased electrolyte leakage, and water use efficiency in perennial forage and turfgrass species (DaCosta and Huang, 2006; Jiang et al., 2009; Merewitz et al., 2010; Shukla et al., 2015; Xu and Zhou, 2011; Yu et al., 2013) . Through evaluating LWC and Fv/Fm, drought tolerance of 57 Brachypodium distachyon accessions were differentiated, consistent with leaf wilting by visual observation (Luo et al., 2011) . In a field study, large variations of LWC and Fv/Fm were found among 192 accessions of perennial ryegrass . Whole-plant responses to drought stress provide a basis for exploring genetic variation of drought tolerance.
Perennial ryegrass is one of the most economically and environmentally important cool-season grass species. It is extensively used as a turf and forage grass around the world. Perennial ryegrass is primarily diploid (2n = 2x = 14), but a tetraploid cultivar (2n = 4x = 28) has been developed to improve forage quality and productivity (Nair, 2004) and to enhance turf management (Richardson et al., 2007) . As a self-incompatible and outcrossing species (Cornish et al., 1979) , perennial ryegrass shows a high degree of genetic diversity within the population. Genetic diversity of perennial ryegrass has been characterized based on morphological traits such as seedling vigor, leaf width and forage yield (Balfourier and Charmet, 1991; Casler, 1995) , isozymes (Charmet et al., 1993; Fernando et al., 1997) , and molecular markers (Posselt et al., 2006; Wang et al., 2009) . Furthermore, molecular markers have been successfully used for cultivar identification (Momotaz et al., 2004) , assignment of individual genotypes to specific cultivars (Wang et al., 2009) , quantitative trait loci mapping of key agronomic traits and disease resistance (Brazauskas et al., 2013; Navakode et al., 2009) , and association mapping of drought, salt and freezing tolerance as well as spring regrowth (Aleli unas et al., 2015; Tang et al., 2013; Yu et al., 2013 Yu et al., , 2015 . High levels of genetic diversity were observed within turf-type cultivars (Kubik et al., 2001) or within foragetype populations (Wang et al., 2009) .
Phenotypic evaluation of drought response and exploration of physiological and molecular mechanisms of drought tolerance have been studied in perennial ryegrass (Huang et al., 2014; Jiang and Huang, 2001; Jiang et al., 2009; Liu and Jiang, 2010; Patel et al., 2014; Turner et al., 2012) and in turftype interspecific hybrids of meadow fescue (Festuca pratensis) with perennial ryegrass (Barnes et al., 2014) . Most previous reports on drought tolerance used either seedlings from the mixed individuals (seeds) for a particular cultivar (Jiang et al., 2009; Turner et al., 2012) or seedlings from single seeds of different accessions Yu et al., 2013) . The results did not show the stress response of individual genotypes within a cultivar or accession to drought stress conditions. Due to high level heterozygosity of perennial ryegrass and high genetic diversity within each cultivar (Kubik et al., 2001; Wang et al., 2009) , it is speculated that each individual genotype (seeds) from one accession may differ in traits related to whole-plant drought tolerance. However, such research work has not been conducted in perennial ryegrass. Therefore, this experiment was designed to compare phenotypic variations of drought tolerance among and within accessions and to relate phenotypic responses to genetic diversity in perennial ryegrass accessions. Exploring variation of drought response among or within accessions is important for selecting appropriate plant materials for studying molecular response such as gene expression, conducting gene and trait association analysis, as well as for breeding purposes in perennial ryegrass.
Materials and Methods
Plant materials and growth conditions. Six accessions of diploid perennial ryegrasses were chosen for this study including PI598453 (Wild, Romania) and PI577265 (wild, UK), PI403847 (cultivated, Canada), PI578760 (cultivated, United States), and PI197270 (cultivated, Finland) as well as PI204085 (unknown status, Cyprus) from the USDA National Plant Germplasm System at the Western Regional Plant Introduction Station in Pullman, WA. These six accessions were selected for the study because they vary in geographical origin, growth habits, and drought tolerance assessed by seedlings grown from single seeds . On 1 July 2013, 10 seeds of each accession were planted in different pots (9 cm deep and 10 cm in diameter) containing topsoil in a plant growth chamber at Purdue University in West Lafayette, IN. Our preliminary observation on simple sequence repeat (SSR) analysis revealed that five to six individual genotypes from one accession generally covered diversity of that accession. Therefore, 20 d after germination, five genotypes were randomly chosen for each accession with one genotype per pot. On 5 Sept. 2013, all pots were moved to a greenhouse. After 2 weeks, all genotypes from each accession were propagated with tillers to maintain genetic uniformity, with three pots for the well-watered control and three pots for drought treatment for each genotype. Each pot contained eight tillers and the same volume of soil. Plants were watered every 2 d and fertilized once a week with a soluble fertilizer (N-P 2 O 5 -K 2 O, 24-8-16) (Scotts Inc., Marysville, OH) and micronutrients; they were cut once a week to the height of 6-7 cm, depending on the growth habits of each particular grass. During the growth period, the average air temperatures were 23°C/18°C (day/night) and average daily photosynthetically active radiation (PAR) intensity was 300 mmol · m -2 · s -1 in the greenhouse. All plants were well watered before initiation of drought stress.
Drought treatment. Drought stress began on 19 Oct. 2013 (110 d after seeding) and ended on 24 Oct. 2013, lasting for 6 d. Drought stress was imposed by withholding water from the grasses until permanent wilting occurred to most of the plants (the leaves were no longer rehydrated at night and in the morning), particularly for susceptible accessions. All the plants were exposed to drought stress for the same amount of time. The control plants received regular irrigation during the treatment period. At the end of treatment, drought-stressed plants were rewatered to allow recovery for 5 d. During the time of stress and recovery, air temperatures and PAR intensity were similar to the conditions before drought stress.
Whole-plant measurements. Leaf wilting was visually rated on a scale of 0 (no observable wilting), 1 (slightly wilted), 2 (moderately wilted) to 3 (severely wilted). Leaf wilting assessment for each genotype was calculated by averaging the drought values at 4, 5, and 6 d. At the end of drought stress, plant height (HT) was recorded. Leaf photochemical efficiency was determined by measuring Fv/Fm on randomly selected leaves in each pot using a fluorescence meter (OS-30P; OPTI-Sciences, Hudson, NH) at night after plants were adapted in darkness for an hour. Plants were cut 6-7 cm above the soil surface and leaf tissues after cutting dried in an oven at 75°C for 72 h, and then plant dry weight (DW) was measured. Leaf water content was determined according to the following equation: LWC = (FW-DW)/FW · 100 where FW is the leaf fresh weight and DW is the dry 11.8 b 0.813 ab 70.9 ab 1.3 b z Means followed by the same letter in each column for a given treatment are not significantly different at P < 0.05. Data were analyzed by pooled individual genotypes from each accession. weight. Plants were re-watered after harvesting, and HT, LWC and Fv/Fm were measured again after recovery. DNA isolation and SSR analysis. Young leaves of each genotype were collected, frozen in liquid nitrogen, and stored at -80°C until further use. Total genomic DNA for each individual genotype was isolated using DNeasy Plant Mini Kit (Qiagen Inc., Valencia, CA). DNA concentration was quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Rockland, DE) and diluted to 15 ng · mL -1 for polymerase chain reaction (PCR). Based on our previous results by Yu et al. (2013) , 23 clean SSR markers representing 7 chromosomes in perennial ryegrass were selected and screened in all genotypes from each accession (Supplemental Table 1 ). Each 20-mL PCR reaction consisted of 1· PCR buffer, 2.5 mM MgCl 2 , 0.2 mM dNTP mix, 1.0 U Taq DNA Polymerase, and 60 ng DNA. All PCR reactions were performed in a MyCycler Thermal Cycler (Bio-Rad Inc., Hercules, CA) using a touch-down program, as described by Yu et al. (2006) . In brief, PCR was started at 95°C for 5 min, then ran 4 cycles at 96°C for 1 min, 68°C for 5 min, with a decrease of 2°C in each consequent cycle; and 72°C for 1 min, 4 cycles of 96°C for 1 min, 58°C for 2 min, with a decrease of 2°C in each consequent cycle; and 72°C for 1 min, followed by 24 cycles of 96°C for 1 min, 50°C for 1 min, 72°C for 1 min, with a final extension of 72°C for 5 min and 4°C for 5 min. The amplified fragments were separated on a 3% agarose gel. Alleles were examined manually. Major allele frequency, heterozygosity, gene diversity, polymorphism information content (PIC), and pairwise Nei's genetic distance (Nei, 1972) were obtained using Powermarker v 3.25 (Liu and Muse, 2005) .
Experimental design and statistical data analysis. The experiment was arranged in a split-plot design, with drought treatment for the main plot and accession for the subplot. Each genotype from all accessions was randomly assigned within each treatment and each treatment was replicated three times. Statistical analysis was performed with Statistical Analysis System (SAS) program (version 9.1; SAS Institute, Cary, NC). The means of the trait for the treatment and grasses were separated using least significant difference at a significance level of 0.05. Data averaged across individual genotypes for all accessions were used for analysis of correlation coefficients (r) by using the SAS program.
Results and Discussion
Analysis of variance. Significant treatment effects were found for HT, Fv/Fm, and LWC as well as for recovered HT (R-HT), Fv/Fm (R-Fv/Fm), and LWC (R-LWC). Significant accession effects were noted for Fv/Fm and LWC. Significant treatment by accession interactions was also shown in HT, Fv/Fm, and LWC.
Drought response across accessions. Under well-watered control, accessions had similar Fv/Fm and LWC values, but differed in HT (Table 1) . Accession HT ranged from 15.8 cm (PI204085) to 14.3 cm (PI197270). However, significant differences in leaf wilting, HT, Fv/Fm, and LWC were observed in accessions exposed to drought stress (Table 1) . Specifically, under stress, HT ranged from 12.7 cm (PI578760) to 11.8 cm (PI204085 and PI197270), Fv/Fm ranged from 0.82 (PI578760) to 0.72 (PI204085), and LWC ranged from 75.5% (PI598453) to 56.9% (PI204085). PI204085 showed the highest leaf wilting value of 2.0, while PI598453 had the lowest value of 0.75 Fig. 2 . Plant height (HT) of individual genotypes for each accession under the well-watered control, drought, and recovery conditions. Means followed by the same letter within each treatment for a given accession are not significantly different at P < 0.05.
( Table 1 ). The results indicated that drought stress decreased HT and LWC and variations of drought response were found across accessions. Leaf wilting, Fv/Fm, and LWC provide rapid and easy measurements for whole-plant responses, particularly when large samplings are made. Thus, these parameters have been used to screen droughttolerant plant material and characterize drought tolerance at whole-plant level (Jansen et al., 2009; Luo et al., 2011; O'Neill et al., 2006; Yu et al., 2013) . Leaf wilting is an indicator of plant morphological changes due to cell dehydration and loss of turgor. It is also known that changes in LWC reflect the responses of whole plant to drought stress (Jiang et al., 2009; Luo et al., 2011; Matin et al., 1989) . Relatively lower leaf wilting and higher LWC values in PI598453 and PI578760 indicate that maintenance of LWC contributes to the superior drought tolerance of perennial ryegrass accessions.
Correlations among the traits across accessions. Across genotypes of all accessions, leaf wilting was negatively correlated with HT (r = -0.65), Fv/Fm (r = -0.85), and LWC (r = -0.82) under drought stress (Table 2). Positive correlations were found between HT and Fv/Fm (r = 0.53) and between Fv/Fm and LWC (r = 0.88), but not between HT and LWC. However, no significant correlations were identified under well-watered control (data not shown). A strong correlation between LWC and Fv/Fm under drought stress supported that LWC and Fv/Fm accounted for natural variation of drought tolerance in grass plants (Luo et al., 2011; Yu et al., 2013) .
Genotypic variation within accessions. Large variations of all traits were found among genotypes within each accession under both control and drought stress. Individual genotypes significantly differed in leaf wilting in all accessions except for PI403847 exposed to drought (Fig. 1) . PI204085 had more severe leaf wilting than other accessions; however, leaf wilting varied considerably among genotypes in PI598453 and PI197270. No leaf wilting was observed for all plants after recovery (data not shown).
Plant height was significantly different among individual genotypes for all accessions except for PI57860 under control and PI577265 under drought conditions (Fig. 2) . Under well-watered control, the largest variation of HT among individual genotypes was found in PI204085 and the least in PI578760; however, the largest and least variations of HT were observed in PI204085 and PI577265 exposed to drought stress, respectively. Specifically, HT ranged from 13.3 to 22 cm for PI204085, 12.3 to 16.7 cm for PI598453, 14 to 16.7 cm for PI403847, 12.5 to 16 cm for PI577265, 14.2 to 14.8 cm for PI578760, and 12.2 to 17.2 cm for PI197270 under control condition, while HT ranged from 10.3 to 14.8 cm for PI204085, 11 to 15.3 cm for PI598453, 10.7 to 14.3 cm for PI403847, 11.5 to 13.2 cm for PI577265, 10.5 to 14 cm for PI578760, and 10.3 to 14.8 cm for PI197270 under drought stress. After recovery, HT differed in genotypes for all accessions except for PI403847 and PI578760. The largest variation of HT among genotypes after recovery was shown in PI204085 followed by PI598453 and PI197270.
For the control plants, Fv/Fm was unaffected by genotypes in PI204085, PI403847, and PI578760, but differed in PI598453, PI577265, and PI197270, although differences were minor among genotypes (Fig. 3) . Under drought stress, genotypes from all accessions significantly differed in Fv/Fm except for PI578760. In particular, Fv/Fm ranged from 0.58 to 0.79 for PI204085, 0.75 to 0.83 for PI403847, and 0.74 to 0.82 for PI577265, respectively. After recovery, significant differences in Fv/Fm were still observed in genotypes for PI204085, PI598453, and PI403847. Leaf water content was significantly different among individual genotypes for all accessions, regardless of the treatments (Fig. 4) . Plants were all turgid when receiving normal irrigation as well as after recovery, although differences in LWC among genotypes were noted for all accessions.
However, when plants were exposed to drought stress, individual genotypes within each accession differed substantially in LWC. Specifically, LWC ranged from 28.3% to 71.2% for PI204085, 71% to 80.2% for PI598453, 57.5% to 76.1% for PI403847, 59.3% to 71.6% for PI577265, 66.5% to 77.8% for PI578760, and 64% to 74% for PI197270; with the largest variation shown in PI204085.
Genotypic variations of drought responses have been characterized in annual and perennial plant species (DaCosta and Huang, 2006; Jiang et al., 2009; Jiang et al., 2010; Luo et al., 2011; Merewitz et al., 2010; Ober and Luterbacher, 2002) . In perennial grass species, drought responses of individual genotypes within one accession or cultivar have not been extensively evaluated. In this study, variations of drought responses were found among individual genotypes for some accessions. The results demonstrated a range of drought responses of individual genotypes within one particular accession. Such variations could be useful for selecting individual plants for illustrating molecular responses to drought stress and for genetically improving drought tolerance of perennial ryegrass. Genetic variation in a population is derived from a wide assortment of genes and alleles. Outcrossing mating could be one key factor that Fig. 4 . Leaf water content (LWC) of individual genotypes for each accession under the well-watered control, drought and recovery conditions. Means followed by the same letter within each treatment for a given accession are not significantly different at P < 0.05.
causes genotypic variation of drought tolerance. Outcrossing increases genetic diversity within an accession (Cornish et al., 1979; Kubik et al., 2001; Wang et al., 2009) . As a result, each genotype in the population can have a different fitness for that particular environment. Other factors such as selection and distribution might also play a role in contributing to the diverse responses of genotypes. SSR diversity and genetic distance. Across all accessions, the mean MAF was 0.66, ranging from 0.52 to 0.88 (Table 3) . Gene diversity ranged from 0.21 to 0.50 with a mean of 0.43, heterozygosity ranged from 0.10 to 0.97 with a mean of 0.66, and PIC ranged from 0.18 to 0.37 with a mean of 0.33.
Within accessions, the mean MAF was 0.75, 0.63, 0.65, 0.65, 0.67, 0.62 and gene diversity was 0.34, 0.42, 0.40, 0.42, 0.43, and 0.39 for PI204085, PI598453, PI403847, PI577265, PI578760, and PI197270, respectively (Table 3 ). PI578760 exhibited higher heterozygosity with a mean of 0.73, followed by PI598453 (0.71), PI403847 (0.70), PI577265 (0.68), PI197270 (0.63), and PI204085 (0.50). The mean PIC was 0.28, 0.33, 0.31, 0.32, 0.33, and 0.30 for PI204085, PI598453, PI403847, PI577265, PI578760, and PI197270, respectively.
The genetic distance calculated by Nei's distance was larger between PI204085 and PI578760 (0.079) and between PI204085 and PI598453 (0.074), while a smaller genetic distance was identified between PI577265 and PI578760 (0.017) and between PI598453 and PI197270 (0.036) ( Table 4) . Comparing genetic distance among accessions, PI204805 was closer to PI197270. Moreover, both accessions showed more severe leaf wilting (Table 1) . The larger genetic distances between PI204085 and PI598453 as well as between PI204085 and PI578760 were also consistent with their distinct values of leaf wilting and LWC. The results indicated that origin and genetic distance of accessions might differentiate drought responses of perennial ryegrass accessions.
In conclusion, leaf wilting, HT, Fv/Fm, and LWC varied significantly among and within accessions of perennial ryegrass under well-watered control and drought conditions. Fv/Fm was highly correlated with LWC under drought stress. The genetic distance among accessions was generally consistent with their drought tolerance. Particularly, significant differences in drought responses were identified among individual genotypes within a particular accession, suggesting that phenotypic and genotypic variations of drought responses could be used for enhancing breeding programs and studying molecular mechanisms of drought tolerance.
